The author is studying side compressive processing to compress two sides of a cross-sectional circular tube by dies during bending in order to suppress flatness. In the present research, the experiments were performed by changing the initial thickness of a 5056 aluminum tube with a diameter of 27.2 mm from 2.0 to 3.2 mm. The bending radius R 0 is equal to 3 times the diameter d 0 . The experimental results clarified that it is possible to suppress the flatness ratio to 1.6% when the side-compressive displacement is set as ¤ c = 1.0 mm. Higher circularity is obtained by side compression with this method. In addition, the forming limit is clarified in terms of side compressive displacement and initial tube thickness.
Introduction
When a circular tube is bent under moment without constraints from tools, extrados and intrados of the bent tube are dented in the cross section while the bent portion, which is vertical to the line connecting the extrados and the intrados, moves outward, and the tube is flattened. 1, 2) When the bent tube is used as a pressure tube, the flattening of the cross section would lead to degradation of fracture toughness or shortage of life time. The cross section of the flattened tube will be repeatedly deformed to a circular shape by inner pressure. The tube wall will be subjected to repetitive tensile and compressive stress. When the tube is used as a pressure tube to transport pressurized liquid in construction machines, circularity is an important quality to be achieved. The bending method using mandrels is the most effective method for suppression of flattening.
36) However, using a mandrel needs know-how on the conditions such as the special mandrel shape and its insert position. More than anything, using a mandrel causes the increase of the cost for equipment. In order to suppress flattening phenomena without a mandrel, the authors have been trying the mandrel-less method that compresses the side of a tube cross section during bending of a tube. Here, the part at the right-angled position from the line connecting the tube intrados and extrados is defined as "the side of the tube".
Forming limit, flatness-suppression effect and tube thickness distribution with side compression are investigated by the experiments changing the initial thickness of a 5056 aluminum circular tube with a diameter of 27.2 mm from 2.0 to 3.2 mm.
Experiment of Tube Bending Process by Applying
Side Compression 2.1 Draw bending machine for applying side compression Figure 1 (a) shows the draw bending process and a side compressive die. The circular tube #1 is fixed by clamp die #2. The guide #6 holds the circular tube, while the sides of the tube are pressed by the side compressive die #4 into a rotary die #3 with compressive force F s . The rotary die is rotated by a servomotor with reduction gears. The tube is bent between the rotary die and the side compressive dies, while optional side compressive force F c is applied on the side of tube. The compressive force is controlled by an oil release valve in an oil cylinder #5. The side compressive die is composed of a pair of wedge-shaped tools so that the die would grip the tube and press the sides. In addition, the side compressive die has a mechanism to transfer pressure force F s to side compressive force F c on the two sides of a tube as shown in Fig. 1(b) . In addition, a 45-degree relief section is set at the region of contact between a compressive die and the outside of the tube wall. Side compressive force F c is defined by eq. (1).
It is possible to change side compressive displacement by inserting a spacer. Side compressive displacement ¤ c is defined by eq. (2) .
The part where the side compressive die grips the tube has a taper angle of 1 degree as shown in Fig. 1(c) . Experimental parameters and specimen data for the bending process are shown in Table 1 . Bending radius R 0 is 3.0 d 0 (81.6 mm). Side compressive displacement ¤ c was changed by 0.5 mm increments between 0 and 2.0 mm. Tube initial thickness ranges from 2.0 to 3.2 mm. The material of the specimen is 5056 aluminum extruded tube. A teflon-sheet with 1.0 mm thickness is inserted between the tube outside surface and the pressure die in order to suppress friction and scratch on the tube surface. Figure 2 shows the cross section of the tube before and after bending. The symbols are defined as diameter d 0 , initial tube thickness t 0 , thickness after bending t, bending radius direction diameter d r , compressive direction diameter d c , wall thickness in the tensile side of bend t out , and wall thickness in Figure 4 shows the forming limit in terms of side compressive displacement ¤ c and initial tube thickness t 0 . When the initial tube thickness is small at 2.0 and 2.3 mm, and the side compressive displacement 0 and 0.5 mm, a wrinkle whose height is between 0.4 and 0.6 mm occurs around the compressive side of the bent tube wall at the measurement position in the axial direction between 0 and 75 degrees as shown in Fig. 4(a) . This is because the tube was not constrained appropriately and a gap would have appeared between the rotary die and tube due to the quite thin initial thickness of the tube and insufficient side compression. On the other hand, when side compressive displacement ¤ c has large values of 1.5 and 2.0 mm as shown in Fig. 4 (b), the tube cross section at the tensile side becomes cuspate shape at the measurement position in the axial direction between ¹30 and 75 degrees. This is because the compressive displace- Suppression of Flatness in Circular Tube-Draw Bending by Applying Side Compressionment is too large, so tube material flows to the relief section and the phenomenon occurs. It is possible to carry out bending successfully in this method by giving the appropriate side compressive displacement as shown in Fig. 4 (c). Figure 5 shows the photographs of cross sections of the bent tubes in the experiment when the initial tube thickness is between 2.0 and 3.2 mm at a bending angle of 45 degrees, and the side compressive displacement is between 0 and 1.5 mm. The tube wall of the tensile side comes outward in the direction of the arrow with the increase of the side compression displacement. In the conventional bending, the tube wall in the extrados is pushed inward by the pressure die so that the flatness might be propelled. On the other hand, in this side compression draw bending, the tube wall in the extrados is moved outward so that the flatness would be suppressed as shown in Fig. 6 . Figure 8 shows the change of diameters in the bending radius direction and compressive direction. When side compressive displacement is 1.5 and 2.0 mm, the diameter of compressive direction d c is decreased and the diameter of bending radius direction d r is increased. In addition, as shown in Figs. 7 and 8 , the flatness D f is eminently decreased when the axial measurement position is ¹15 degrees. As the sides of the tube are compressed between the side compressive dies during bending, the cross-sectional shape is kept with high circularity. Therefore, the flatness is eminently decreased in the axial direction of a bent tube around ¹15 degrees. Figure 9 shows the influence of the initial tube thickness and side compressive displacement ¤ c on flatness in the cross section of a bent tube at a bending angle of 45 degrees. When the conventional bending method is used, the average flatness ratio of each initial thickness is 0.06. The average flatness ratio in the case of adding the side compressive displacement ¤ c = 0.5 mm is 0.038. In this experiment, when the side compressive displacement of 1.0 mm is added to two sides of a circular tube, the flatness is suppressed with an average value of 0.016 for any initial thickness. 3.3 Effect of compressive displacement on bent tube thickness Along with flatness, the thickness distribution is an important specification. The influence of side compressive displacement on thickness was investigated by experiment. Figure 10 shows the effect of side compressive displacement ¤ c on thickness variation T v in the cross section of a bent tube at a bending angle of 45 degrees, when initial tube thickness t 0 is 3.2 mm. The tube thickness in the tensile side of bend t out is decreased and the tube thickness in the compressive side of bend t in is increased with the increase of the side compressive displacement. The thickness variation of the bent tube in this side compression draw bending is slightly larger than that in conventional bending. Figure 11 shows the influence of the initial tube thickness and side compressive displacement ¤ c on thickness distribution T d in the cross section of a bent tube at a bending angle of 45 degrees. When the conventional bending method is used, the average thickness distribution of each initial thickness is 0.14. The average thickness distribution in the case of adding the side compressive displacement ¤ c = 1.0 mm is 0.22. Thickness distribution increases with increase in side compressive displacement. Figure 12 shows the relationship between flatness D f and thickness distribution T d for different initial tube thicknesses with side compressive displacement ¤ c = 1.0 mm on the cross section of a bent tube at a bending angle of 45 degrees. When initial thickness was between 2.3 and 3.2 mm, the thickness distribution became small when flatness was large while the thickness distribution became large when flatness was small. When the tube side is compressed, that means the diameter expands in the direction of the bending-arc radius direction. As the portion in the extrados and intrados of bending is from the neutral plane, thickness deviation increases. 
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Effect of compressive displacement on flatness
Improvement in circularity of bent tube
The influence of side compression on the circularity of a bent tube was investigated. Table 2 shows the effect of side compressive displacement on the circularity of a bent tube at a bending angle of 45 degrees. The circularity value was calculated by dividing the difference between the maximum tube radius and minimum tube radius by the initial tube radius. The circularity of the bent tube was measured by a three-dimensional measurement machine. When the initial thickness of a circular tube is between 2.0 and 3.2 mm and the compressive displacement of 1.0 mm is added to the circular tube, an average 4.6% circularity can be obtained.
Conclusions
(1) When side compression is added to two sides of a tube, the diameter in the direction of the side compression decreases and the diameter in the direction of the bending radius increases, so the flatness is suppressed. It is possible to suppress the flatness to 1.6% in this experiment when side compressive displacement is set as ¤ c = 1.0 mm, which is 3.6% of the tube diameter. Higher circularity is obtained by side compression with this new method.
(2) The effects of the initial thickness of the tube and the forming limit in the proposed side compression draw bending are clarified. When the side compressive displacement was small, wrinkle occurred in the tube. When the side compressive displacement was large, the tensile side of the cross section of the tube became cuspate shape. The appropriate compressive displacement is 1.0 mm for a tube diameter of 27.2 mm in this experiment.
(3) When side compression is added, the flatness is suppressed more than in conventional bending, while the change of thickness distribution becomes large. 
